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Abstract、LithiumthuliumfluorideLiTmF4isinsulatingVanVleckparamagnetwiththe
giantmagnetostrictionMagnetizationofthetetragonalLiTmF4singlecrystalwasmeasured
fbrthefirsttimeinthetemperaturerangeof2-300Kandinthemagneticfieldsｕｐｔｏ５５ｋＯｅ，
orientedbothparallelandperpendiculartotheC4symmetryaxisAngulardependenceofthe
magnetizationinthebasalplanewasstudiedinparticular・Theanisotropyofmagnetization
inthisplanewasrapidlygrowinginhighfieldsTemperaturedependenceofthemagnetization
intheorientationH||[００１]isnonmonotonicandreproducedverywellbythecalculationinthe
frameworkofthecrystalfieldtheoryTheresultsofcalculationfbrtheorientajtionriL[００１］
withtakingintoaccountthemagnetostrictionefTectsalsoagreewellwiththeexperimental
data・
SusceptibilityofsinglecrystalVanVleckparamagnetTmESwasmeasuredinthetemper-→aturerange2-300Kandinmagneticfieldsupto5､5kOeintheorientationHL[００１]・Magnetic
fielddependenceofSusceptibilitywasmeasuredfbrthefirsttime、Ratherfastdecreaseof
susceptibilitywiththefieldincreaseisinagreementwiththeresultsofstudyoｆ１６９Ｔｍｎｕ‐
clearmagneticresonancespectraiｎＴｍＥＳｉｎｒｅｃｅｎｔｗｏｒｋｓＴｍＥＳｍａｇｎｅｔｉｃsusceptibilityis
calculatedwithtakingintoaccounttheeffectsofintermediatecoupling
llntroduction
Aspecialclassofsolidstatemagnetics-VanVleck(VV)paramagnets-
weresubjectfbrastudyfbralongtimeRatherstronghyperfineinteraction
nlakesthesecompoundsinterestingfbrstudyofelectron-nuclearmagnetism
MagneticfieldinducedonthenucleusoftheVVionismanytimeslargerthan
appliedfieldSo,thefrequenciesofthenuclearmagneticresonance(NMR）
insuchconlpoundslaybetweenusualNMRfrequenciesandthefrequencies
oftheelectronparamagneticresonance(EPR)Therefbrejonecansayabout
socalled，，enhanced，，ＮＭＲ・IntermetallicVVparamagnetsusuallyhavecubic
synlmetry,whilethemajorityofinsulatingVVparamagnetshavethelower
symmetry、Therefbre，theyarecharacterizedbytheanisotropyoflnagnetic
susceptibilityandef][ectivegyromagneticratioofnucleiofVVion([1，
－１６－
Ｈｏｍｔｈｅｐｏｉｎｔｏｆｖｉｅｗｏｆｔｈｅｅｘｐｅｒｉｍｅntalist，VVparamagnetismmeans
thatathightemperaturesthemagneticsusceptibilityfOllowstheCurielaw，
whileatlowtemperaturesitbecomesconstant・Thisbehaviorisexplainedby
theabsenceofthemagneticmolnentoftheioninthegroundstate，ｉ・ethe
groundelectronicstateiseithersingletornonmagneticdoublet・
VVparamagnetismmostfrequentlyoccursincrystals，containingnon-Kramers
rareearｔｈ(RE)ions,ieREionswithevennumberofelectronsonunfilled
4ｺﾞｰshells(Pr3+,Ｅｕ3+,Ｔｂ3+,Ho3+,Ｔｍ3+)Electrostaticcrystalfield(○F)lifts
thedegeneracyofthegroundmultiplet2s+lLJ，andthetypicalStarksplittings
areoftheorderoflO-100cm-1・Thesesplittingenergyismuchlargｅｒｔｈａｎｔｈｅ
ｅｎｅｒｇｙｏｆｔｈｅＲＥｉｏｎｉｎｔｈｅlnoderatemagneticfields・TherefCretheZeeman
efICctcanbetakenintoaccountusingtheperturbationtheory，ａｎｄｔｈｅＶＶ
paramagnetismappearsintheseconｄｏｒｄｅｒｏｆｉｔ・
MagneticpropertieSoftheinsulatingVVparamagnetsarestudiedrather
wellintherangeoflowtemperaturesandnloderatemagneticfields，whenthe
energiesoftheZeemaninteractionarelnuchlessthantheenergiesoftheStark
splittings・Ｔｈｅｍａｉｎｍethodsofstudyofthesecompoundsintheseconditions
aremagnetometrｙａｎｄｅｎｈａｎｃｅｄＮＭＲ[１，２，３１R1rtherincreasingofthe
magneticfieldviolatestheapplicabilityconditionsfbrperturbationtheory・Ｉｔ
ｉｓｄｉｆＩｌｃｕｌｔｔｏｓａｙｑｐｍｏｍ,whicheffCctswillbedisplayedbythesecompounds
inhighlnagneticfields・
Polarizedgaseous3Hehastheprolnisingapplicationsinmedicine、Oneof
thepossiblelnethodsfbrachievingthehigh-polarizedliqUid3Hestatewould
bethetransferringofthehigh-polarizedstateofnlagneticlnomentsinsolidto
thenuclearspinsofliquid3Hevianlagneticcoupling．Magnetically-anisotropic
insulatingVVParamagnetsareratherpromisingcompoundsfbrstudyofmag-
neticcouplingwithnucleiofliquiｄ３Ｈｅ・StronganisotropyofNMRfrequenciｅｓ
ａｌｌｏｗｓｏｎｅｔｏｍａｋｅｔｈｅｒｅｓｏｎａｎｃｅｆrequenciesofnuclearspinsandliquid3He
tocoincide，andobservetheresonancemagneticcouplingMagneticcoupling
effectsinsuChacompoundswereobservedin[4,5]fbrthefirsttime
Presentworkcoversthestudyofeffectofhighmagneticfieldsonlnagnetic
propertiesofinsulatingVVparamagnetsthuliumetllylsulfateTm(C2H5SO4)3.9H２０
(ＴｍES)andthuliumlithiumfluorideLiTmF４Ⅷ
－１７－
zExperimentaldetails
LiTInF4crystalforinvestigationWasgrownbytheBridglnan-Stockbargermethod
andwasofagoodopticalquality,Samplesfbrexperimentswerepreparedfroln
thisgrowncrystaLOrientationalongthesymmetryaxis[OO11wascontrolledby
thepolarizingmicroscope,andthedirectionsof[100]and[OlO]axeswerefimnd
usingtheX-raydif][ractometer、Ａｘｅｓ[100]and[O101areindistmguishable
ForthenlagnetizationmeasurementstheＤＣＳQUIDmagnetometerMPMSby
QuantumDesignwasusedltisdesignedtolneasuremagneticnlomentsupto
l25emu・PrelilninarymeasurementsofLiTmＦ４ｉｎｏｒｄｅｒｔｏｅｓtimatethemag-
neticmomentinlnaximalfieldsuggestedustouseasampleofaboutonlylOmg
inweightthenmeaSuringMLtoavoidtheexceedingoftheinstrument'srange
ltisdifIiculttopreservetheorientationofsuchasmallsample、Thereforeitwas
decidedtolnakethesampleoftheparallelepipedsｈａｐｅｏｆ1.5×１．５×０．９nlmin
sizeLargerfacewasnormaltothesymmetryaxis[001]andwasgluedbyepoxy
resintotheflatbottomofthesampleholder，whichwasorientedparallelto
lnagneticfieldlncreasedareaofthesamplefａｃｅｗｈｉｃｈｗａｓｇｌｕｅｄｔｏｔｈｅｓａｍｐｌｅ
→－
holder,allowedtobetterpreservecorrectorientationHL[OO1]Inordertokeep
samplefreetochangeitSsizeduetomagnetostriction,ｏｎｌｙａｓｍａｌｌａｍｏｕｎｔｏｆ
ｅｐｏｘｙｒｅｓｉｎｗａｓｕｓｅｄＴｈｅｓｈａｐｅｏｆｔｈｅｓａｍｐｌｅｌｅａｄｓｔoincreaseofthelocal
→fieldatTnl3＋ionsintheorientationHL[001]ｂｙ２％Experimentalresults
werecorrectedbythisvaluelnthemeasurementsoftheangulardependence
ofML,samplewasrotatedin(001)planewithanaccuracyof士l9Sinceat
liquidheliumtemperaturessusceptibilityXllisabouｔ４０ｔｉｍｅｓｓｌｎａｌｌｅｒｔｈａｎＸＬ，
acubicsampleofmuchlargermass(about400ｍｇ)wasusedinexperimentsin
→
theorientationHll[001]・
RawmaterialsfbrgrowingoftheTmEScrystalswerethuliumoxide(purity
is999％)anddiethylsulfate(ethylesterofsulfUricacid)(purityisg７%)The
tlmliumetllylsulfatesolutionwasobtainedaccordingtothefbllowingreaction：
Ｔｍ203＋6(C2H5)2S04+3H2０二2空２Ｔｍ(C2H5SO4)3+6C2H50H
ＴｍＥＳｓｉｎｇｌｅｃｒｙｓｔａｌｓｗｅｒｅｇｒｏｗｎｂｙｆreeevaporationofthesaturatedsolu-
tionatroomtemperatureinaglasscupwithHatbottom、Thegrowingspeed
waschosenbychangingofeffectiveevaporationarea・TmESsinglecrystalsgrew
ashexagonalprismswithaxesalongcrystallograPhicaxiscSidefacescorre-
spondedtoaandbplanes・Tomakethesamplefbrmeasurelnent、ｔｈｅｇｒｏｗｎ
－１８－
Crystal wasfiledtoasphericalshapewithpreservingofitscaxisorientation．
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Figurel：MagneticfielddependenceofTmESsusceptibilityintheorientation
→
ＨＬ[001]Imnperatureis42KSymbols(口):experimentaldata;line(－)：
resultofcalculation
ｓＲｅｓｕｌｔｓ
3.ＩＴｍＥＳｓｉｎｇｌｅｃｒｙｓｔａｌ
ThefbllowingdependencesofTmESSusceptibilityweremeasuredintheorien-
→
tationHL[OO1]：
●temperaturedependenceintherangｅｏｆ２－３００Ｋ
・fielddependenceintherangeofｌ－５５ｋＯｅａｔｔｅｍｐｅｒａｔｕｒｅ４２Ｋ．
MagneticfielddependenceispreseｎｔｅｄｏｎＦｉｇｌ，AttemperaturesofliqUid
→
heliumintheolientationHL[001]thesusceptibilityismonotonicallydecreases・
TemperaturedependenceispresentｅｄｏｎＦｉｇ、２１naccordancewiththe
resultsofcalculationsintheearlierwork[6LtheexperimentsonTmESi、
presentworkshowedthatmagnetizationbelow8Kistemperature-independent、
ThisisthedistinctivefCatureofVanVleckparamagnets．
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Figure2：TenlperaturedependenceofTmESsusceptibilityintheorientation
→
ＨＬ[OO1]・MagneticfieldH=lkOeSymbols(口)：experimentaldata;line
(一):resultofcalculation
3.2ＬｉＴｍＦ４ｓｉｎｇｌｅｃｒｙｓｔａｌ
ＴｈｅｆｂｌｌｏｗｉｎgdependencesofLiTmF4magnetizatiollweremeasuredinthe
→
orientationHL(001]：
・temperaturedependellcesintheraｎｇｅｏｆ２－３００Ｋｉｎｔｗｏｏｒｉｅｎｔａｔｉｏｎｓｏf
thesamplein(001)Plane
・fielddependencesintherangeofO､1-55ｋＯｅｉｎｔｗｏｏｒｉｅｎｔａｔｉｏｎｓｏｆｔｈｅ
ｓａｍｐｌein(001)planeattemperature42K
・angulardependencesin(001)planeat42Kinstrongandweakmagnetic
fields．
ThesemeasurementswereperfbrmedｕｓｉｎｇｔｈｅｓｍａｌｌｓａｍｐｌｅｏｆｌＯｎｌｇｍａｓｓ・Be-
sidethis,thetemperaturedependenceintherangeof2-300Kintheorientation
H||[OO11wasmeasuredwithalargersampleofmassabout400mg
TheangulardependencesofmagnetizationMLinvariousmagneticfieldsare
presentｅｄｏｎＦｉｇ、３，wherethemaglleticfielddirectiollisdefilledbytlleallgle
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Figure3：AngulardependencesofLiTmF4magnetizationatvariousmagnetic
→
fieldsHL{001]Ibmperatureis42KSymbols(･):experiInentaldata;lineｓ
(---)：resultsofcalculationlnallthecasestheexperimentalpointswhich
arenearesttothecalculatedcurvewereobtainedattheSamefieldasthiscurve
wascalculatedfbr．
p,measuredfromthecrystallographicaxis[l001Maximummagneticfield
usedwas55kOeOnecanseethatmagneticanisotropyin(001)planerapidly
increaseswithmagneticfieldMaximumandminimumofMLarereachedat
anglesp＝ｐｍｑｍ用１２５．＋90..ｎａｎｄｐ＝ｐ伽ｎ局57.5.＋90..n1respectively、
ThefielddependencesarepresentedonFig4・Atthetemperaturesofthe
liquidheliumintheorientationHL[0011,pmazthesusceptibilityisgrowing
withfieldandtheｍａｘｉｍｕｍｉｓｒｅａｃｈｅｄａｔｆｉｅｌｄｏｆａｂｏｕｔ４３．５ｋＯｅ・Ｗｈｉｌｅｉｎ
→
theorientationHL[0011,<pmmitdecreasesmonotonicallyJnthisdirectionthe
crystalbehavesasifthereisnomagnetostriction
→ExperimentsshowedthatintheorientationHl|[001]susceptibilityisindc-
pendentoｎｍａｇｎｅｔｉｃｆｉｅｌｄｕｐｔｏ５５ｋＯｅ、
Temperaturedependencesweremeasuredinthreeorientations：ｉｎ（001）
planefbrp＝ｐｍａｚａｎｄｐ＝<pmj"ｉ､e・intheorientationsofmaximumandmini-
mumsusceptibilityinthisplane,andintheorientationHl|[OO111naccordance
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Figure4：MagneticfielddependencesofLiTmF4magnetizationintheorienta-
→
ｔｉｏｎＨＬ[OO1]・Temperatureis42KSymbolscorrespondtotheexperimental
data;(･):ｐ＝57.5｡;(..。-):ｐ＝125.Linesareresultsofcalculationi(－)：
ｐ＝57.5゜;(----):ｐ＝１２５゜Intheexperimentthemaximumsusceptibility
X上isreachedatfield局435kOefbrp＝125｡(shownontheinset)．
5.0
５
０
５
０
５
０
５
０
５
４
４
３
３
２
２
１
１
０
亘。｜」の旦巨。］のこ□のＥ」二○ｍ壹匡○一一ｍＮ｜］のこ□の三
００
２ 1０ 3001００
Temperature，Ｋ
Figure5：TemperaturedependencesofLiTmF4magnetizationintheorientation
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豆上[001],ｐ＝125..symbolscorrespondtoexperimentaldata;(･):Ｈ=55kOei
(･)：Ｈ=３０kOeLinesaretheresultsofthecalCulation;（－)Ｈ=５５kOe；
(－－－)Ｈ=30ｋＯｅ
withtheresultsofcalculationsfbrdilutecrystals(にＳ]),theexperimentson
LiTmF4inpresentworkshowedthatmagnetizationbelow8Kistemperature-
independent(Ｆｉｇ５ａｎｄ６)Thistemperatureindependenceshowsthatthe唾e
isonlyaninsignificantamountofimpurities,ｉ､e、sourcesofconventionalpara-
magnetisminthesample、
→
IntheorientationHll[001]temperaturedependenceofmagnetizationis
nonmonotonic(Ｆｉｇ７)．ThisisafrequentlydisplayedfCatureofVanVleck
paramagnetsintheorientationofthelninimalSusceptibility，sincemagnetic
ionsintheexcitedCFstatesusuallyhavelargermagneticmoments．
４COnclusion
SusceptibilityofthesinglecrystalVanVleckparamagnetTmESwasmeasured
inthetemperaturerange2-3Ｏ０Ｋａｎｄｉｎｍａｇｎｅｔｉｃｆｉｅｌｄｓｕｐｔｏ５､５ｋＯｅ・Ｍａｇ－
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Figure6：TemperaturedependencesofLiTmF4magnetizationintheorientation
→
ＨＬ[001],Ｐ＝57.5..symbolscorrespondtoexperimentaldata;(｡):Ｈ=55kOei
(口)：Ｈ=３０kOeLinesaretheresultsofthecalculation;（－)：Ｈ=５５kOe；
(---):Ｈ=30ｋＯｅ －２３－
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Figure7：TemperaturedependenceofLiTmF4
H=lkOeSymbols(･):experimentaldata;line（
neticfielddependenceofsusceptibilitywasmeasuredfCrthefirsttiｍｅ・Rather
fastdecreaseofsusceptibilitywiththefieldincreaseisinagreementwiththe
resultsofstudyof169TmNMRspectrainTmESin[９，lOJTmESmagnetic
susceptibilityiscalculatedwithtakingintoaccounttheeflectsofintermediate
coupling、Thisallowedtoimprovetheagreementbetweencalculatedandex-
perimentaltemperaturedependencesofTmESsusceptibilityincomparisonto
theworkn
MagnetizationofthesinglecrystalVanVleckparamagnetLiTmF4wasnlea-
suredfbrthefirsttimeinthetemperaturerangeof2-300Kandinthemagnetic
fieldsupto55kOeorientedbothparallelandperpendiculartotheC4symme-
tryaxis・Theanisotropyofthemagnetizationinthebasalplanewasrapidly
growinginhighfields,whichisinagreementwiththerecentresultsofthemea‐
surementsoftheangulardependencｅｏｆｅｆｌCctivegyromagneticratioof169T、
nucleiinLiTmF4inhigMeldsinwork[11JTenlperaturedependenceofthe
→
magnetizationintheorientationH||[OO11wasnonmonotonicandreproduced
verywellbythecalculationiｎｔｈｅｆｒａｍｅｗｏｒｋｏｆｔｈｅｃｒｙｓｔａｌｆｉｅｌｄtheory・The
resultsofcalculationfbrtheorientationHL[OOl1withtakingintoaccountthe
lnagnetostrictioneffectsalsoagreewellwiththeexperimentaldata
Additionally，thecrystalfieldparalneterssetfｂｒＬｉＴｍＦ４ｃｒｙｓｔａｌｗａｓｃｏｒ－
－２４－
ｒｅｃｔｅｄｉｎｔｈｉｓｗｏｒｋｉｎｏｒｄｅｒｔｏｆｉｔｔｈｅｐｏｓｉｔｉｏｎｓｏｆｔｈｅｍａｘｉｍａｏｆｔｈｅａｎｇｕlar
dependenceofmagnetizationMLtothoseofexperimentaldata
ltisknownasaremarkablefCatureoftheVanVleckparalnagnetsthatNMR
ofnucleiofparamagneticionscanbeobservedatlowtemperaturesNMRof
l６９Ｔｍｃａｎｂｅｕｓｅｄｔｏｐrobethemagneticmomentof4fshellofTm3＋ionsin
LiTmF4h[12]itwasfbundexperimentallythatthedirectionofthemaxilnum
effCctivegyromagneticratioof169TmnucleiinLiTmF4crystalin(001)plane
correspondstotheanglep～l1obetweenthe[100]axiMndthemagneticfield
directions、Thisresuｌｔｉｓｉｎｇｏｏｄａｇｒｅｅｍｅｎｔｗｉｔｈｔｈｅｖａｌｕｅｏｆｐｍａｚ＝１２５．fbr
thedirectionofthemaximummag､etizationdeterminedinpresentwork
ltisclearficomthefigure4thatnostructuralphasetransitionswhichaffCct
LiTmF4magnetizationoccurintheusedmagneticfieldrange・Thissuggests
ustoproposethatsharpjumpsofthemagnetizationofthepowdersamples
in[13]inthemagneticfieldsabove40kOeoccurredduetosizeeffect
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学位論文審査結果の要旨
－Ab邸ba域肌ｐｅ蝉－１蓮lKQYj典~着ぬ莞位諭工にｎkＫ…上記ｎ名.の溌査委員による壽査読囚後墨_擁ｆ
2ｑ集ｚ且_弘旦腿厘頭発表.萩行ねれた._同旦に潅査会塗閥さＪＸＥりよつ_にｔｌｌｉ土(裳俶にjiiX大童Ｍ１と
判定_した｡－
－空論工は．]VkKpLy]LeQk鴬磁t生雄ｎｌｂる.変興鴎…(thurj1uL瓜QjUkLyl則』錘e)虞LjSIlmE尖、単結晶'二つ｣Ｗこ､…
劇hをiiW蜜!j二im1定ＬＬ妙_続晶蝿臺鐺蝋上左詮釧な溌抗を報告ＬｎＬ)魚｡_△ｈｕ]Ｃａ】k1rQy-君はm9pL鴎_蕊結晶.を
良ら佳蝶Ｌ－２富｣aQQKQ蝿度鰯域に猫kX-鰯kQen磁場鋤戚圭五;lfl滋蕊を測定した｡…｝Hf磁寵の砿j棚ｊ
皮依在性は泰｝Ｈｆ寵五初灼五報告室批進｡…磁蝿;蛾塊加に催い雛{1mg率QjIiii:112を観測_した溌襲一二虹はl61Ym
Qjbpu【E測定室爲致上進｡…搬磁率は塁史閲結合状態を煮賦Ljbmm柾重訂鈍臺虹～従来1Ｍ昭叛よ、夷ｌｉｊｌ【jI吉
果を主式説阻で.さる.ニー上産明.助ﾐに.した具一
一Ljnｴ1典璽結l晶Ｉ二つと〕ｎさへ｣C4.対称性!'M1に璽直と悪行.友撤の艦磁率.を聾具罵qqq】KEQ楓Z変jliii圏と鼻鰍Ｑｅ
の磁蝿強度頒域に鐙k〕Ｘ曇一初めｒ報貴上左｡_lLJ迎與JBM)`底面内.の磁化の異方性は磁錫【強度上とｆに急速
に蝋力匹迄1．鎧驫Ｑ【QQL]方向に聾行な方向でＱ剛上陸楓魔と_と剛忌単澗に変化上童塑>一二れば結晶擁Ｉ１
輪による腿伍1皇圭コーェニよ_<_説朋ｒｉきた｡…結晶Ｑ【001】方向.に璽直な方向Ｑ剛噂測ii富$i島晶Ｉ二封丈鮒､叛は、
i憲湿,QliliU気歪み｡効果.を煮蝋式畳.二上｣皇よコエ案雛結晶塗良_く濤凝現丈る.二と態出来た１－
－以上の孤寵結果Ｉ皇よ、曇－本輸文睦裳位に蝋丈畳物と判断室誕,_合彊上判定された｡＿
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